Gas phase standard state (298.15 K, 1 atm) geometries of the perchlorinated and perbrominated C 3 through C 6 n-alkanes were calculated using the B3LYP, B97D, M062X, and PBE0 density functionals with the 6-311++G (d,p) basis set. For both halogen classes and at all levels of theory, the C 3 compounds adopt a trans conformation analogous to that of perfluoropropane. Similar to their perfluorinated counterparts, the perchlorinated and perbrominated C 4 through C 6 n-alkanes are predicted to have helical geometries. In contrast to perfluoroalkyl chains, the central CCCC dihedral angles of the perchlorinated and perbrominated derivatives are expected to decline with increasing chain length.
Although a substantial number of studies have investigated the structural properties of perfluoroalkyl chains by theoretical and experimental approaches (see, e.g., ref. [ [32] , and references therein), there appear to be no corresponding investigations on the perchlorinated and perbrominated n-alkanes. In the current work, we employed the B3LYP [33] [34] [35] , B97D [36] , M062X [37] , and PBE1PBE (PBE0) [38] [39] [40] density functionals with the 6-311++G(d,p) basis set [41] [42] in Gaussian 09 [43] to investigate the gas phase standard state (298.15 K, 1 atm) geometries of the perchlorinated and perbrominated C 3 through C 6 homologs. All structures were confirmed as true minima with no imaginary frequencies, and geometry optimizations were conducted from corresponding MMFF94 molecular mechanics force field [44] optimized starting geometries (500 steps, steepest descent algorithm, 10 −7 convergence criteria, Avogadro 1.0.1 [http :
//avogadro.openmolecules.net]). Structures were visualized using Gabedit 2.2.12 [45] .
All levels of theory yield similar optimized geometries for the perchlorinated and perbrominated C 3 through C 6 n-alkanes ( Figure 1 and Table 1 ). In all cases, the C 3 homologs are effectively trans conformations, with the C 4 through C 6 members adopting a helical chain geometry. Good agreement was found between the central CCCC dihedral angles (∼ ±2 • ) and central carbon C-C and C-X bond lengths (∼ ±0.05Å) calculated by each theoretical method for each compound. Changing from perchlorination to perbromination has little effect on the central carbon C-C bond length (<∼ ±0.02Å). All methods for all compounds estimate the central C-Br bonds are about 0.18Å longer than their C-Cl counterparts. Altering the halogen identity has a varying effect on the central CCCC dihedral angles dependent on chain length. At the C 4 homolog, the perbrominated CCCC dihedral angle is predicted to be about 2.3 to 2.8 • greater than the corresponding perchlorinated angle, decreasing to 0.8 to 1.1 • greater for the C 5 homolog, and 0.5 to 1.2 • lower for the C 6 homolog.
Calculations were also undertaken at the B97D/6-311++G(d,p) level of theory for the C 3 through C 6 perfluorinated n-alkanes. The central carbon C-C bond lengths in the perfluoro-n-alkanes are predicted to be about 0.07 to 0.11Å shorter than in the perchloro-n-alkanes. The central C-F bond is estimated to be about 0.45Å shorter than its C-Cl counterpart. In contrast to the perchlorinated and perbrominated n-alkanes, the perfluorinated derivatives display progressively increasing central CCCC dihedral angles with increasing chain length over the homolog range under study. By comparison, the C 4 through C 6 perchlorinated and perbrominated nalkanes are predicted to having decreasing CCCC dihedral angles with increasing chain length. Table 1 : Gas phase standard state (298.15 K, 1 atm) geometrical parameters for the perchlorinated and perbrominated C 3 through C 6 n-alkanes at the B3LYP/6-311++G(d,p), B97D/6-311++G(d,p), M062X/6-311++G(d,p), and PBE0/6-311++G(d,p) levels of theory, as well as the perfluorinated analogs at the B97D/6-311++G(d,p) level of theory. Values in brackets represent structural differences between the perbrominated and perchlorinated derivatives at the same level of theory. [3] Smith, G.D., Jaffe, R.L., Yoon, D.Y., "Conformational characteristics of poly(tetrafluoroethylene) chains based upon ab initio electronic structure calculations on model molecules, " Macromolecules, 27, 1994, 3166-3173. [4] Zhang, X., Lerner, M.M., "Structural refinement of the perfluorooctanesulfonate anion and its graphite intercalation compounds," Physical Chemistry Chemical Physics, 1, 1999, 5065-5069.
[5] Erkoc, S., Erkoc, F., "Structural and electronic properties of PFOS and LiPFOS," Journal of Molecular Structure: THEOCHEM, 549, 2001, 289-293.
[6] Jang, S.S., Blanco, M., Goddard, W.A., Caldwell, G., Ross, R.B., "The source of helicity in perfluorinated n-alkanes," Macromolecules, 36, 2003, 5331-5341.
[7] Schwarz, R., Seelig, J., Kunnecke, B., "Structural properties of perfluorinated linear alkanes: A 19 F and 13 C NMR study of perfluorononane," Magnetic Resonance in Chemistry, 42, 2004, 512-517. [8] Ignatieva, L.N., Beloliptsev, A.Y., Kozlova, S.G., Buznik, V.M., "Quantum-chemical study of C n F 2n+2 conformers. Structure and IR spectra," Journal of Structural Chemistry, 45, 2004, 599-609. [9] Golden, W.G., Zoellner, R.W., "A computational examination of helical perfluoroalkane conformations and implications for the adsorption of perfluoroalkanes on platinum(111) surfaces," Comptes Rendus Chimie, 8, 2005, 1610-1616. Figure 1 : Gas phase standard state (298.15 K, 1 atm) geometries of the perchlorinated and perbrominated C 3 through C 6 n-alkanes at the PBE0/6-
[10] Vysotsky, Y.B., Bryantsev, V.S., Boldyreva, F.L., Fainerman, V.B., Vollhardt, D., "Quantum chemical semiempirical approach to the structural and thermodynamic characteristics of fluoroalkanols at the air/water interface," Journal of Physical Chemistry B, 109, 2005, 454-462.
[11] Monde, K., Miura, N., Hashimoto, M., Taniguchi, T., Inabe, T., "Conformational analysis of chiral helical perfluoroalkyl chains by VCD," Journal of the American Chemical Society, 128, 2006 , 6000-6001.
[12] D'Amore, M., Talarico, G., Barone, V., "Periodic and high-temperature disordered conformations of polytetrafluoroethylene chains: An ab initio modeling," Journal of the American Chemical Society, 128, 2006 , 1099 -1108 [13] Golden, W.G., Brown, E.M., Solem, S.E., Zoellner, R.W., "Complete conformational analyses of perfluoro-n-pentane, perfluoro-n-hexane, and perfluoro-n-heptane," Journal of Molecular Structure: THEOCHEM, 867, 2008, 22-27. [14] Liu, Z., Goddard, J.D., "Predictions of the fluorine NMR chemical shifts of perfluorinated carboxylic acids, C n F 2n+1 COOH (n=6-8)," Journal of Physical Chemistry A, 113, 2009, 13921-13931.
[15] Parker, J.E., Clarke, S.M., Perdigon, A.C., Inaba, A., "The crystalline structures of fluoroalkane monolayers adsorbed on graphite at submonolayer coverages," Journal of Physical Chemistry C, 113, 2009, 21396-21405. [16] Fournier, J.A., Bohn, R.K., Montgomery, J.A., Onda, M., "Helical C 2 structure of perfluoropentane and the C 2v structure of perfluoropropane," Journal of Physical Chemistry A, 114, 2010, 1118-1122.
[17] Rayne, S., Forest, K., "Comparative semiempirical, ab initio, and density functional theory study on the thermodynamic properties of linear and branched perfluoroalkyl sulfonic acids/sulfonyl fluorides, perfluoroalkyl carboxylic acid/acyl fluorides, and perhydroalkyl sulfonic acids, alkanes, and alcohols," Journal of Molecular Structure: THEOCHEM, 941, 2010, 107-118.
[18] Rayne, S., Forest, K., "Theoretical studies on the pK a values of perfluoroalkyl carboxylic acids," Journal of Molecular Structure: THEOCHEM, 949, 2010, 60-69.
[19] Rayne, S., Forest, K., Friesen, K.J., "Relative gas-phase free energies for the C 3 through C 8 linear and branched perfluorinated sulfonic acids: Implications for kinetic versus thermodynamic control during synthesis of technical mixtures and predicting congener profile inputs to environmental systems," Journal of Molecular Structure: THEOCHEM, 869, 2008, 81-82. [20] Rayne, S., Forest, K., "Theoretical studies on the all-anti zigzag geometries of perfluoron-alkyl chains," Nature Precedings, 2010, doi:10.1038/npre.2010.5061.1.
[21] Ellis, D.A., Denkenberger, K.A., Burrow, T.E., Mabury, S.A., "The use of 19 F NMR to interpret the structural properties of perfluorocarboxylate acids: A possible correlation with their environmental disposition," Journal of Physical Chemistry A, 108, 2004, 10099-10106.
[22] Abbandonato, G., Catalano, D., Marini, A., "Aggregation of perfluoroctanoate salts studied by 19 F NMR and DFT calculations: Counterion complexation, poly(ethylene glycol) addition, and conformational effects. Langmuir, 2010, in press (doi:10.1021/la102578k).
[23] Dixon, D.A., "Torsional potential about the central C-C bond in perfluoro-n-butane," Journal of Physical Chemistry, 96, 1992, 3698-3701.
[24] Rothlisberger, U., Laasonen, K., Klein, M.L., Sprik, M., "The torsional potential of perfluoro n-alkanes: A density functional study," Journal of Chemical Physics, 104, 1996, 3692-3700. [25] Albinsson, B., Michl, J., "Anti, ortho, and gauche conformers of perfluoro-n-butane: Matrix-isolation IR spectra and calculations," Journal of Physical Chemistry, 100, 1996, 3418-3429. [26] Xue, L., DesMarteau, D.D., Pennington, W.T., "Perfectly staggered and twisted difluoromethylene groups in perfluoroalkyl chains: Structure of M[C 4 F 9 SO 2 NSO 2 C 4 F 9 ] (M=Na,K)," Angewandte Chemie International Edition, 36, 1997 Edition, 36, , 1331 Edition, 36, -1333 [27] Watkins, E.K., Jorgensen, W.L., "Perfluoroalkanes: Conformational analysis and liquid-state properties from ab initio and Monte Carlo simulations," Journal of Physical Chemistry A, 105, 2001, 4118-4125. [28] Borodin, O., Smith, G.D., Bedrov, D., "A quantum chemistry based force field for perfluoroalkanes and poly(tetrafluoroethylene)," Journal of Physical Chemistry B, 106, 2002, 9912-9922. [29] Zoellner, R.W., Latham, C.D., Goss, J.P., Golden, W.G., Jones, R., Briddon, P.R., "The structures and properties of tetrafluoromethane, hexafluoroethane, and octafluoropropane using the AIMPRO density functional program," Journal of Fluorine Chemistry, 121, 2003, 193-199. [30] Chen, K.H., Lii, J.H., Walker, G.A., Xie, Y., Schaefer, H.F., Allinger, N.L., "Molecular mechanics (MM4) study of fluorinated hydrocarbons," Journal of Physical Chemistry A, 110, 2006, 7202-7227. [31] Mack, H.G., Dakkouri, M., Oberhammer, H., "Effect of fluorination on the CCC bond angle in propane. Gas-phase structures of 2,2difluoropropane and perfluoropropane," Journal of Physical Chemistry, 95, 1991, 3136-3138. [32] Fournier, J.A., Phan, C.L., Bohn, R.K., "Microwave spectroscopy and characterization of the helical conformer of perfluorohexane," ARKIVOC, 5, 2011, 5-11.
[33] Becke, A.D., "Density-functional thermochemistry. III. The role of exact exchange," Journal of Chemical Physics, 98, 1993, 5648-5652.
[34] Lee, C., Yang, W., Parr, R.G., "Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density," Physical Review B, 37, 1988, 785-789. [35] Miehlich, B., Savin, A., Stoll, H., Preuss, H., "Results obtained with the correlation-energy density functionals of Becke and Lee, Yang and Parr," Chemical Physics Letters, 157, 1989, 200-206. [36] Grimme, S., "Semiempirical GGA-type density functional constructed with a long-range dispersion correction," Journal of Computational Chemistry, 27, 2006 Chemistry, 27, , 1787 Chemistry, 27, -1799 [37] Zhao, Y., Truhlar, D.G., "The M06 suite of density functionals for main group thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and transition elements: Two new functionals and systematic testing of four M06-class functionals and 12 other functionals," Theoretical Chemistry Accounts, 120, 2008, 215-241.
[38] Perdew, J.P., Burke, K., Ernzerhof, M., "Generalized gradient approximation made simple," Physical Review Letters, 77, 1996, 3865-3868. [39] Perdew, J.P., Burke, K., Ernzerhof, M., "Errata: Generalized gradient approximation made simple," Physical Review Letters, 78, 1997 Letters, 78, , 1396 [40] Adamo, C., Barone, V., "Toward reliable density functional methods without adjustable parameters: The PBE0 model," Journal of Chemical Physics, 110, 1999, 6158-6169. [41] Raghavachari, K., Binkley, J.S., Seeger, R., Pople, J.A., "Self-consistent molecular orbital methods. 20. Basis set for correlated wavefunctions," Journal of Chemical Physics, 72, 1980, 650-654. 
Supporting Information
Geometries of the C 3 through C 6 perchloroalkanes and perbromoalkanes: A comparative density functional theory study 8,-0.1291317,0.4469781,-0.2181555,-0.1054871,0.1558789,-0.0753587,-0.1 339174,0.1116552,0.147285,0.171327,-0.4218236,-0.1435557,0.1027038,-0. 0461437,0.0756825,-0.5472279,0.0476106,-0.0197982,-0.0000154,-0.087302 9,-0.2475298,0.2013344,0.0083173,0.1802435,-0.433944,-0.054303,0.03367 66,-0.1130731,-0.0924198,0.6710768,-0.0570122,0.0398593,-0.0792613,1.0 463548,0.0544021,0.0144756,0.0317059,1.0377197,-0.1286816,-0.0740001,0 .0322994,-0.0392934,-0.2597417,0.2030162,0.0202454,0.251406,-0.3896598 ,-0.1495242,-0.1154482,0.0749372,-0.0822482,-0.4223778,0.2764454,0.037 5564,0.2520086,-0.3015862,-0.3029155,0.2639979,0.0947714,0.2089212,-0. 4450966,-0.1440118,0.0623445,-0.1314883,-0.1316968,-0.1819994 
